ABSTRACT -This study comprehensively describes the effects of various levels of food reduction on a wide range of toxicological parameters in dietary-optimized rats (fed with approximately 75% of ad libitum food consumption daily; 16 g and 22 g/day for females and males, respectively) that has been established as a nutritionally appropriate and well-controlled animal model in conducting toxicity studies. Toxicological parameters, including general condition, ophthalmology, clinical pathology and anatomic pathology, were examined in dietary-optimized Crl:CD(SD) female and male rats fed 16 g and 22 g/day (control), 12 g and 17 g/day (75% group), 8 g and 11 g/day (50% group), or 4 g and 6 g/day (25% group), respectively for 2 weeks. There was mortality and morbidity including reddish urine in 25% -cular hemolysis induced by severe food reduction. Hemoconcentration, decreased leukocytes and platelets, decreases in nutritional elements (serum glucose, protein, and lipids), increased aspartate aminotransferase and alanine aminotransferase, imbalanced electrolytes, and/or decreased urinary pH were observed in all restriction groups. Histopathologically remarkable changes included erythrophagocytosis in the spleen/liver and renal tubular necrosis with hyaline cast/droplets in 25% group; in addition to bone marrow depletion, lymphoid depletion in thymus/spleen/lymph node, and/or decreased secretion in the prostate/seminal vesicle in all restriction groups. Most of these changes were considered attributable to nutrifood reduction. These results will enable toxicologists to help distinguish primary drug-induced effects from secondary changes associated with decreases in food consumption.
INTRODUCTION
During the course of toxicity studies for new drug candidates, treatment-related decreases in body weight or body weight gain associated with decreased food consumption are often observed concomitantly with changes in clinical pathology and histopathology. It is important to from non-specific ones attributable to undernutrition because it has been reported that toxicological parameters are often affected by decreases in food consumption (Schwartz et al., 1973; Oishi et al., 1979; Pickering and Pickering, 1984; Levin et al., 1993) . Most of the studies have focused on limited parameters. In other words, there are only a few studies that report a comprehensive evaluation. Thus, the existing literatures are of limited usefulness.
Dietary optimization (feeding rats with approximately 75% of ad libitum food consumption daily) has been recently established as a nutritionally appropriate and well-controlled method in conducting toxicity studies, as evidenced by improved survival without impairing growth and routine clinical pathology parameters (Keenan et al., 1999; Hubert et al., 2000; Moriyama et al., 2006) , reduced the incidence of non-tumor related pathologic lesions (Keenan et al., 1999; Molon-Noblot et al., 2001) , and increased statistical sensitivity (Keenan et al., 1999) . In addition, the USA Food and Drug AdministraEffects of reduced food intake on toxicity study parameters in rats Tomoyuki Moriyama, Shigeharu Tsujioka, Takashi Ohira, Satoko Nonaka, Hisataka Ikeda, Hiroki Sugiura, Masayuki Tomohiro, Keiji Samura and Masaru Nishikibe tion (FDA) (Allaben et al., 1996; Duffy et al., 2001 ) and the Society of Toxicologic Pathology (Nold et al., 2001) have stated that dietary optimization is needed in rodent bioassays. We have been conducting toxicity studies in the dietary-optimized rat model, and frequently faced the dilemma of whether the observed changes were a direct effect of drug or secondary to decreased food intake. The existing literatures on food-reduction effect are of limited usefulness, not only because of the limited parameters available, but also because of the different animal models; ad libitum-fed rats vs dietary-optimized rats. The purpose of this study was to evaluate the effects of food reduction on a wide range of toxicological parameters including general condition, body weight, ophthalmology, clinical pathology and anatomic pathology in a dietary-optimized rat model.
MATERIALS AND METHODS

Animals
Twenty-four female and 24 male Crl:CD(SD) rats, age 6 weeks at arrival, were purchased and maintained at 22 ± 3°C and conditioned to a 12-hr light/12-hr dark cycle with light on from 07:00 to 19:00 daily. After arrival, rats were housed 2 or 3/cage with ad libitum feeding of PMI the rats were housed individually and acclimatized to dietary optimization. They were fed 16 g/day and 22 g/day for females and males, respectively, for one additional week. The amount of food given, 16 g/day and 22 g/day, was determined as based on the previous studies (Keenan et al., 1999; Hubert et al., 2000; Moriyama et al., 2006) . The rats were then assigned into 4 groups of 6 females and 6 males/group by body weight-balanced randomization. From Day 1 through Day 14, rats in the control, 75%, 50%, and 25% groups received 16 g, 12 g, 8 g, and 4 g/day, respectively, for female rats and 22 g, 17 g, 11 g, and 6 g/day, respectively, for male rats. Water was available ad libitum.
This study was conducted in facilities approved by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International. All experimental procedures were approved by the animal ethics committee of Banyu Pharmaceutical Co., Ltd.. The anithat were in moribund condition; and females in the 25% group were euthanized prior to scheduled necropsy for humane reasons.
Study design
0.5% methylcellulose in distilled water was administered at a volume of 5 ml/kg to all rats orally from Day 1 through Day 14. Feeding was done at approximately 13:00 daily. Physical signs were observed daily. Body weight was measured on all animals pretest, once in Week 1, and twice in Week 2. For food consumption, the feeders were examined daily to determine whether any food was remaining. Ophthalmic examinations were performed on all surviving animals on Day 13 using an indirect ophthalmoscope and a slit lamp. Examinations were facilitated by ocular instillation of 1 to 2 drops of 1% tropicamide (Mydriacyl, Alcon Laboratories, Inc., TX, USA). Blood samples were collected from all females in the 25% group prior to necropsy on Day 8, and from all surviving rats on Day 14 for hematological and serum biochemical evalua--rane, and bled (approximately 2 ml/animal in total) from the orbital sinus into EDTA-treated tubes for hematology, and into serum separator tubes for serum biochemistry. Hematological parameters included erythrocyte count (RBC), reticulocytes (Retic), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), platelet count, and leukocyte and differential counts (Bayer ADVIA ® 120 Analyzer, Bayer Corporation, NY, USA). Blood cell morphology was obtained from microscopic examination of blood smears with Wright staining. Serum biochemical parameters included glucose (Glu), urea nitrogen (BUN), creatinine (Crea), total protein (TP), albumin (Alb), globulin (Glob), albumin/globulin ratio (A/G ratio), aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), sodium (NA), potassium (K), chloride (CL), calcium (CA), phosphorus (IP), triglycerides (Trig), cholesterol (Chol), and total bilirubin (Bili Tot) (Modular Analitics P; Roche Diagnositics, Tokyo, Japan). Overnight urine collections were performed on all surviving rats (fasted) on Day 14. Urinalysis parameters included quantitative determination of urinary vol-® ATLAS™, Bayer Corporation, NY, USA); semiquantitative determination of pH, protein, glucose, ketones, occult blood, and bilirubin (Bayer CLINITEK ® ATLAS™, Bayer Corporation, NY, USA); and microscopic examination of sediments. Since reddish urine was observed in females in the 25% group, to identify the reddish color in the urine, unscheduled urine samples were collected on Day 6 from these animals to perform occult blood test (Multistix ® 10 SG, Bayer Corporation, NY, USA), microscopic examination of urine sediments and Blondheim analysis, for differentiation of hemoglobin and myoglobin (Blondheim et al., 1958) . On Day 15, rats (fasted) were anesthetized with carbon dioxide and subsequently euthanized by exsanguination, and then necropsied. The terminal body weights and weights of the following organs were recorded; adrenal, brain, heart, ovaries, kidneys, thymus, liver, pituitary, prostate, spleen, testes, and thyroid. The testes solution. The eyes from all rats were fixed in glutaraldehyde-formalin fixative. The remaining tissues from Sections of tissues in the following list from all animals were prepared, stained with hematoxylin and eosin, and examined microscopically; brain, spinal cord, peripheral nerve, heart, aorta, skeletal muscle, stomach, small intesadrenal, kidneys, eye, optic nerve, Harderian gland, liver, salivary gland, lung, trachea, skin, mammary gland, thyroids, parathyroids, lymph nodes, pancreas, spleen, thymus, urinary bladder, uterus, cervix, vagina, ovaries, prostate, testes, epididymides, seminal vesicles, bone marrow, as follows; + very slight, ++ slight, +++ moderate, ++++ marked, and +++++ severe.
Statistical analysis
The mean and standard deviation were calculated for body weight, hematology, clinical chemistry, and organ weight data. Statistical analyses were conducted on clinical pathology parameters (hematology and serum biochemistry). Tests for normality (Wilk-Shapiro statistic) -ducted on each parameter by sex. If either test failed (p -ducted to determine statistically significant differenc--ual groups except for the 25% group females. For organ weight, trend analysis with multiplicity adjustment was
RESULTS
General condition
Food reduction-related mortality was observed in one female in the 25% group on Day 7. Adverse physical changes were also noted in females in the 25% group and included reddish urine (3 of 6 rats (3/6)), decreased activity (4/6) and cool to touch (4/6) beginning on Day 6. All the surviving females in the 25% group were euthanized prior to scheduled necropsy for humane reasons. There were no food reduction-related adverse physical changes in rats in the 75% and 50% groups and in males in the 25% group, whereas scant feces attributed to food reduction were noted in the 50% and 25% groups.
Body weight and food consumption
for males in the control, 75%, 50%, and 25%, respectively, throughout the study period ( 
Ophthalmology
ings in any group.
Hematology
Hematological changes are shown in Table 1 . Statistically and/or biologically significant hematological changes attributable to food reduction included increases in erythroid parameters (erythrocytes, hemoglobin, and hematocrit) in the 25% group, decreases in platelets and total and differential leukocyte counts (mainly due to lymphopenia) in the 50% and 25% groups, and decreases in reticulocyte counts in all food reduction groups. Increases in MCHC were observed in males in the 50% group and in both sexes in the 25% group. However, the sig-1) in theory, it is not physiologically possible to produce hyperchromic erythrocytes, and 2) there were no statisti--culate MCHC, in these groups.
Serum biochemistry
Serum biochemical changes are shown in Table 2 . Sta--cal changes attributable to food reduction were observed as follows; decreases in glucose in the 25% group, increases in BUN in all food reduction group females and in the 25% group males, decreases in total protein associated with decreases in albumin and globulin and increases in A/G ratio in the 50% group females and 25% group, increases in AST and ALT in the 50% group females and 25% group, imbalance of electrolytes in the 25% group, decreases in calcium in the 50% group females and 25% group, decreases in inorganic phosphorus in all food reduction groups, decreases in lipids (cholesterol and triglycerides) in the 50% group females and 25% group, and increased total bilirubin in individual animals in the 25% group (actual range in total bilirubin; control females; 0.1 mg/dl, control males; 0.0 to 0.1 mg/dl, 25% group females; 0.1 to 0.5 mg/dl, 25% group males; 0.1 to 0.3 mg/dl).
Urinalysis
Since reddish urine was observed in three of six of the females in the 25% group, to identify the reddish color in the urine, urine samples from the 25% group females underwent occult blood test, microscopic examination of urine sediments, and Blondheim analysis, for differentiation of hemoglobin and myoglobin. The results are shown in Table 3 and compared to those in normal urine, normal urine spiked with RBC lysate, and normal urine spiked with skeletal muscle homogenate. For the reddish urine from the 25% group females, there were no RBCs observed in the urine sediments, and Blondheim analysis resulted in clear supernatant accompanied by subsequent negative occult blood. Similar reactions were observed in normal urine spiked with RBC lysate. These results indicate that the reddish pigment was most likely hemoglobin.
In the scheduled urinalysis on Day 14, a food reduction-related urinalysis change was limited to decreases in urinary pH in males in the 25% group (no data for 25% group females due to early termination).
Organ weight
Absolute and relative organ weight data are shown in Table 4 . The brain in the 75% group females and in rats in the 50% and 25% groups, adrenal in the 25% group, kidney in the 50% and 25% group females, and testis in the 25% group males showed a disproportionate increase in weight as compared to body weight. Relative as well as absolute weights of liver, spleen, thymus in the 50% group females and in rats in the 25% group, and prostate in the 25% group males were decreased.
Histopathology
Histopathological changes associated with food reduction are listed in Table 5 . There was very slight to marked depletion of the hematopoietic tissue in the bone marrow in all food reduction groups (Fig. 2) . This change was characterized by reduction of cells in the myeloid and erythroid lineages and nearly empty marrow spaces were noted in moderate or marked cases. The severity and/or incidence of the bone marrow change was observed in a food reduction-dependent manner.
In the lymphoid tissues (thymus, lymph nodes and spleen), very slight to marked lymphoid depletion was noted in the 50% and 25% groups. The severity and/or incidence of the changes observed in the thymus were the most prominent of the lymphoid tissues evaluated; the change in the thymus was characterized by loss or decreased amount of the lymphocytes, especially in the cortex. In the lymph nodes, the change was characterized by loss of the lymphoid follicle. In the spleen, very slight erythrophagocytosis was observed in 2 females in the 25% group.
In the alimentary exocrine organs such as the salivary glands and pancreas, there were very slight to slight decreased amount of the zymogen granules in the pancreas and single cell necrosis in the salivary gland in the for the 25% group females.
Vol. 33 No. 5 25% group accompanied by very slight to slight decreased amount of the secretion. In the liver, slight cytoplasmic atrophy of the hepatocyte was noted in 5 females and 2 males in the 25% group. Very slight hepatocellular single cell necrosis was noted in 2 females and 2 males in the 25% group, characterized by eosinophilic necrotic cells with scatresponse. Very slight erythrophagocytosis in the liver was noted in 2 females in the 25% group.
In the kidney, there was slight tubular necrosis with hyaline droplets, resembling hemoglobin, in the renal cortex in 3 females in the 25% group (Fig. 3) . One of these rats had moderate hyaline cast in the renal cortex.
In the stomach, superficial erosions were noted in 2 females and 3 males in the 25% group.
In the adrenals, very slight cortical hypertrophy was noted in 2 females in the 25% group.
In male reproductive organs, there was degeneration of seminiferous tubule in the 25% group and decreased secretion in the prostate and seminal vesicle in the 50% and 25% groups.
No food reduction-related changes were noted in other organs.
DISCUSSION
hensive report for food reduction effects on an extensive number of parameters using a current rodent model, dietary-optimized rats.
In the present study, it was demonstrated that only one week of severe food reduction (25%) caused mortality and morbidity. Reddish urine was observed in three of six of as it had not been reported previously due to decreased to hemoglobin; suggesting that hemolysis occurred. With regard to whether it was intra-or extra-vascular hemolysis, the mechanism of action is questionable. Erythrocytes with reduced glycolysis and low adenosine triphosphate (ATP) content are known to be predisposed to removal from the vasculature by splenic macrophages (Nakao et al., 1960; Latimer et al., 2003) . In the present study, rats with hemoglobinuria in the 25% group showed low serum glucose (55 mg/dl and 65 mg/dl) as well as erythrophagocytosis in the liver and spleen. Based on these results, it was considered that erythrocytes with lower glucose levels were most likely captured by splenic/ hepatic macrophages and metabolized; i.e. extravascular hemolysis. However, hemoglobinuria is generally considered one of the features of intravascular hemolysis. Thus, both extra-and intravascular hemolysis were considered to be involved in this hemolysis.
The histopathological renal changes, including tubular necrosis and hyaline cast/droplets, resembling hemoglobin, correlated with the hemolysis in the present study. Severe hemolysis has been reported to cause nephrotoxicity (Ham, 1955; Paller, 1988; Kumar and Bandyopadhyay, 2005; Winslow, 2006) . In these studies, tubular obstruction with casts and tubular cell necrosis have been toxicity. Therefore, the histopathological changes in the kidney may be secondary to hemolysis after severe food reduction.
ent with those in previous reports (Schwartz et al. 1973; Oishi et al., 1979; Pickering and Pickering, 1984; Levin et al., 1993) . Increases in erythroid parameters were considered due to dehydration since drinking behav- Table 4 . Effects of food reduction on organ weight (grams) in dietary-optimized rats ior in rats has been reported to be elicited by food intake (Fitzsimons and Magnen, 1969; Kraly, 1984) , indicating food restriction could induce dehydration in rats. Contrary, there were also observations indicative of decreases in erythrocytes such as bone marrow depletion and hemolysis. However, the effect of dehydration exceeded the erythroid degenerative/destructive response in these animals. Decreases in peripheral blood cells, such as reticulocytes, platelets, and total and differential leukocytes, except the red blood cells, were associated with bone marrow depletion and lymphoid depletion in the thymus -ciency and/or stress. Decreases in serum protein and lipHypertrophy in the adrenal cortex and erosion of glandular mucosa in the stomach were considered as a typical observation to stress. Decreased zymogen granules in the pancreas, and single cell necrosis and decreased secretion in the salivary gland have been previously reported as a finding attributed to food restriction (Enwonwu, 1972; Nagler et al., 1996) .
Inconsistent results on blood glucose, BUN and liver enzymes have been reported as a consequence of food reduction; increases (Levin et al., 1993) , decreases (Oishi et al., 1979; Pickering and Pickering, 1984) , and no changes (Schwartz et al., 1973) in blood glucose; increases (Schwartz et al., 1973; Levin et al., 1993) and decreases (Pickering and Pickering, 1984) in BUN; increases (Schwartz et al., 1973; Levin et al., 1993) and decreases (Oishi et al., 1979; Pickering and Pickering, 1984) in liver enzymes. In the present study, serum glucose was decreased, and BUN and liver enzymes (AST and ALT) were increased. Stress-related increases in serum glucose mediated by glucocorticoids may have occurred in these animals as evidenced by the adrenal hypertrophy in the 25% group. However, the decreased glucose in the present -ing the stress-related glycogenesis. Increased BUN was attributed to accelerated protein catabolism during malnutrition and/or dehydration. For the slight increases in AST and ALT, the degree of severity was minimal, and there were no remarkable food reduction-related histopathological changes suggestive of cellular injury in the liver, skeletal muscle, heart or other organs, and therefore the origin of these enzymes was undetermined. The study-tostudy variation in blood glucose, BUN and liver enzymes may be multifactorial; such as ages at bleeding, levels of dietary restriction, nutritional constitution of food, animal strain, or feeding time.
Generally, in this study there were sex differences, especially evident by the physical condition in the 25% group. In a preliminary experiment, 16 g/day and 22 g/ day for female and male rats at 8 weeks of age corresponded to 87% and 96% of daily food consumption of ad libitum fed rats, respectively, though it reached approximately 75% around 12 weeks of age in both sexes. This preliminary result indicates that food optimized female rats at this age were more food-restricted than the males at the same age, that were nearly under ad libitum feeding. Thus, the gender differences in the present study were considered to be due to the substantial differences in food restriction level between dietary-optimized control female and male rats. From the standpoint of susceptibility, decreased number of peripheral reticulocytes associated with bone marrow depletion, decreased inorganic phosphorus, decreased cholesterol, and increased BUN were considered sensitive parameters because they were observed even in mildly food-reduced animals that were not morbid. Strict attention to these parameters is necessary for precise data-interpretation.
In conclusion, this study elucidates the effects of food reduction on a wide range of toxicological parameters in dietary-optimized rats. These results will help enable toxicological researchers to distinguish a direct drug effect from secondary changes attributed to decreases in food consumption.
